An experimental study was performed to examine the wake characteristics and aeromechanic performance of an innovative twin-rotor wind turbine (TRWT) in comparison with those of a conventional single-rotor wind turbine (SRWT). The comparative study was conducted in a large-scale Aerodynamic/Atmospheric Boundary Layer (AABL) wind tunnel with the TRWT and SRWT model sited in simulated atmospheric boundary layer (ABL) winds under neutral stability conditions. In addition to measuring the power outputs of the TRWT and SRWT models, dynamic wind loads acting on the wind turbine models were also investigated in detail. Furthermore, a high-resolution PIV system was used for detailed wake flow field measurements (free-run and phase-locked) in order to quantify the characteristics of the turbulent turbine wake flows and to quantitatively visualize the transient behavior of the unsteady vortex structures behind the wind turbine models. The detailed flow field measurements are correlated with the dynamic wind loads and power output measurements to elucidate the underlying physics for higher total power generation and better durability of the wind turbines.
Nomenclature

ABL
= Atmospheric boundary layer 
I. Introduction
ODAY, conventional horizontal axis wind turbines (HAWT) having one singular rotor is used and the rotor blades are aerodynamically optimized in outboard sections. However, the sections near the blade root are primarily designed for sustaining structural loads (i.e. bending and torsion). Thus, extremely high thickness-to-2 American Institute of Aeronautics and Astronautics chord airfoils, which have poor aerodynamics, are utilized in this region to afford structural integrity. Such geometry results in a significantly weak wind energy harvest zone near the root of the turbine. As we know, by applying conservation law in one-dimension, a maximum limit (Betz limit) of 0.593 can be achieved for the power coefficient (C P ). But this limit is misleading because it assumes there is no wake swirling and viscous losses and with an infinite number of rotor blades. If these assumptions are removed, the maximum C P potential of a typical HAWT is close to 0.53 (Okulov, 2008; Sharma, 2009; Selvaraj et al, 2013) . The distinction between the Betz limit and the measured peak performance of modern HAWTs is due to several constraints, one important of which is the losses in the root region (approximately bottom 25% of rotor blades). Flow separation in the root region causes span-wise (cross) flow, which deteriorates the aerodynamic performance of the outboard blade sections as well (Rosenberg, 2014) . Up to 5% loss in wind energy extraction is estimated per turbine for the compromise of structural constraint (Sharma, 2010) . The importance of these losses is enormous especially when contrasted with the electric power generated per year in the world from wind turbines.
Recently, people recognized that wind turbines could not be investigated as operating in isolation since utilityscale turbines are always deployed in clusters. Therefore, the aerodynamic interaction between turbines in large scale wind farms results in essential power loss that ranges between 8%-40% (Barthelmie, R, 2007) . In comparison to large amounts of work dedicated to predict and measure wake losses, relatively very little research has focused on reducing wake losses. Single-rotor wind turbine (SRWT) wake characteristics and wind farm (comprised of SRWTs) wake characteristics have been comprehensively investigated by using experimental and numerical techniques. Experiments have ranged from miniature laboratory scale to real field measurements aiming both singular and wind farm wake aerodynamics. Adaramola et al (2011) found that the reduction in the maximum power coefficient of the downstream turbine is strongly dependent on the distance between the turbines and the operating condition of the upstream turbine, and then by operating the upstream turbine in yawed condition, the harvest in total power output from the two turbines could be increased by about 12%. Barthelmie et al (2010) did a real field measurement at the Nysted offshore wind farm to evaluate the wind farm efficiency and wind turbine wakes. They quantified that the wake losses are most strongly pertinent to wind speed variation through the turbine thrust coefficient, and wind direction, turbulence and atmospheric stability as important second order effects. Later, Kurt (2012) et al analyzed statistical data about wind turbine operational characteristics, power measurements and meteorological measurements from Horns Rev offshore wind farm at Denmark. It was found that stable conditions tend to be associated with lower levels of turbulence intensity and this relationship persists as wind speed increase. In addition, power deficit is a function of ambient turbulence intensity and is strongly dependent on the wind turbine spacing: as turbulence intensity increases, the power deficit decreases. Hu et al (2012) used a high-resolution digital particle velocimetry (PIV) to quantify the characteristics of the turbulent vortex flow in the near wake of a horizontal axis wind turbine model. They utilized "free-run" measurements to determine the ensemble-averaged statistics of the flow quantities such as mean velocity, Reynolds stress and turbulence kinetic energy (TKE) distribution in the wake flow and also performed "phase-locked" measurements to elucidate further details about the evolution of the unsteady vortex structures in relation to the position of the rotating turbine blades in the downstream wake flow. Kapil (2013) employed quantitative digital PIV and qualitative dye flow visualization technique to investigate the helical tip vortices in the wake of a wind turbine model. It was found that the helical vortex core size was increasing with downstream distance and the normalized streamwise component of the wake velocity decreased with increasing tip speed ratios. Leonardo et al (2010) used a customized triple wire anemometer to conduct high-resolution velocity and temperature measurements to characterize the mean velocity, turbulence intensity, turbulent flux and spectra at different locations in the wake. The effect of the wake on the turbulence statistics is found to extend as far as 20 rotor diameters downstream of the turbine. Also, the velocity deficit shows a nearly axisymmetric shape but the turbulence intensity distribution illustrates as non-axisymmetric due to the non-uniform distribution of the incoming velocity in the boundary layer. Zhang (2013) employed stereoscopic PIV to visualize the shedding of tip vortices and triple wire anemometry to acquire profiles of the mean flow, turbulence intensity, turbulent momentum and heat flux at downstream locations from 2-20 rotor diameters in the center plane of the wake in a simulated convective boundary layer and a neutral boundary layer. From the comparison results, a smaller velocity deficit (about 15% at the wake center) in the convective boundary layer is observed in comparison with the wake in the neutral boundary layer, which is because an enhanced radial momentum transport leads to a more rapid momentum recovery. However, the velocity deficit at the wake center decays following a power law regardless of the thermal stability.
3 American Institute of Aeronautics and Astronautics Lu et al (2011) integrated a three-dimensional LES with an actuator line technique to examine the characteristics of wind turbine wakes in an idealized wind farm inside a stable boundary layer. They also observed non-axisymmetric wakes in relation to the non-uniform incoming turbulence. Additionally, the Coriolis force caused a skewed spatial structure and drove a part of the turbulence energy away from the center of the wake.
Due to cost considerations, multi-stage designs (e.g., dual-rotor turbines) on HAWT have received little concern. Multi-stage turbomachineries are widely used in gas turbine and propulsion industries in order to maximize the efficiency of fossil fuel usage. Since the "fuel" for wind turbines in nature is supposedly free, the cost of electricity production, instead of efficiency, leads to current wind turbine designs. With the concerns that we will run out of sites (land or ocean) where we can realistically install wind turbines, the focus has to therefore shift towards efficient turbine and wind farm designs that harvest higher power per square meters of surface area. Betz limit is just applicable for SRWTs, while multi-stage rotors can surpass this limit. Newman (1986) calculated that the maximum C p that an identical size dual-rotor wind turbine (DRWT) could reach was 0.64, almost an 8% increase compared to the Betz limit. But further addition of rotor stages would give diminishing returns. Windpower Engineering & Development have designed a co-axial, twin-rotor wind turbine (TRWT) with the objective of harvesting more energy at lower wind speeds. They used two identical-sized rotors connected by one shaft to a variable-speed generator, but this twin-rotor application focused on improving energy harvesting rather than reducing losses.
In the present study, a novel twin-rotor wind turbine (a big main rotor tailored with a small auxiliary rotor on the same shaft) was designed aiming to reduce root losses and also reduce wake losses in a wind farm through enhanced wake mixing. In addition to measuring the dynamic wind loads acting on the model turbine, the detailed velocity measurements are performed by using intrusive (Cobra-probe) and non-intrusive (2-D PIV) measurements in a neutral atmospheric boundary layer flow to quantify the turbine wake characteristics and evolutions of the unsteady wake vortices between the TRWT system and conventional SRWT systems.
II. Experimental Setup and Test Models
Atmospheric Boundary Layer (ABL) Wind-tunnel
The present experimental investigations were performed in a large-scale Atmospheric Boundary Layer (ABL) wind-tunnel located at the Aerospace Engineering Department of Iowa State University. This wind-tunnel is a closed-circuit wind-tunnel with a test section dimension of 20m×2.4m×2.3m, optically transparent side walls, and a capacity of generating a maximum wind speed of 45 m/s in the test section. Figure 1 shows a picture of the test section of the ABL wind-tunnel with a test HAWT model mounted in the center of floor. Chains (with spacing of 15 inches) that are perpendicular to the flow direction were placed on the upstream floor of the wind turbine model in order to generate a typical atmospheric boundary layer wind profile and turbulence intensity usually seen in offshore wind farms. The wind-tunnel ceiling is flexible and is adjusted along the length to ensure the turbulent boundary layer growth of the simulated ABL wind under close to zero pressure gradient condition in the flow direction. It is suggested that the mean velocity profile of an atmospheric boundary layer flow over an open terrain condition can usually be fitted by using a power law (Jian, 2007) . For the present study, the wind speed at variant heights can be expressed as a power law based on rotor hub height, i.e., U(z)=U H (z/H) α , where U H is the wind speed at hub height H. The value of the power law exponent 'α' is determined by the surface roughness. Turbines in offshore wind farms (e.g., the Greater Gabbard in UK and Horns Rev II in Denmark) operate in an ABL profile of α≈0.10. An exponent of α≈0.11 for open water (e.g., for offshore wind farms) under neutral stability conditions was recommended by Hsu (Hsu, S.A. et al, 1994) , and this value was also recommended by ASCE standard to represent the ABL wind over offshore (open sea) terrain. Furthermore, offshore wind farms on the flat ocean surfaces have relatively lower turbulence level compared to the circumstance of onshore case. Tong (2002) and GL (Germanischer Lloyd) regulations suggested a range from 0.08 to 0.12 for the turbulence intensity at hub height of offshore wind turbines. Figure 2 illustrates the measured ABL wind profiles, which were obtained by using a Cobra Probe Anemometry system (TFI series 100 of Turbulent Flow Instrumentation Pty Ltd) at the location where the wind turbine model was mounted. In the present study, by adjusting the ceiling height in the test section, the wind profile fitted very well to a curved with the exponent of α=0.11 and turbulence intensity of 0.099 at the wind turbine hub height. Here turbulence intensity is defined by using the expression of 
Wind turbine models
In the present investigation, two wind turbine models were built for the comparative experiments. A SRWT was used as the baseline, which represents the most widely used three-blade HAWT. The detailed description about the design parameters for the SRWT can be found in the previous study (Tian, W., 2013) . Figure 3 illustrates the dimensions of the TRWT. In order to give a considerable comparison with the SRWT, an auxiliary rotor with three small blades was appended on the main rotor (the same shaft used in the SRWT). The phase-offset for auxiliary and main rotors was designed with 60 degrees. The diameters for the main rotor and auxiliary rotor are 279mm and 152mm respectively, the height of the turbine nacelle is 225mm over the wind-tunnel floor. These test models (at a scale ratio of 1:350) simulate the typical commercial horizontal axis wind turbines mounted in the wind farm with the rotor diameter around 90m and tower height about 80m. The rotor blades consist of hard plastic materials which were built by using a fast prototyping machine. It should be noted that the blockage ratio of the wind turbine models (i.e., the ratio of the turbine blades sweeping area to the cross-section area of the ABL wind-tunnel test section) was found to be 1.2%, and thus the blockage effect of the wind turbine models in the test section can be negligible for present study.
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During the experiments, the wind turbine models were installed in the simulated ABL wind. The mean wind velocity at hub height was set to be around 6.5 m/s (i.e., U H =6.5m/s), which corresponded to the rotor diameter Reynolds number to be about 1.2×10 5 (i.e., 5 Re 1.2 10 D , based on the rotor diameter and the wind speed at the hub height). It is significantly lower than those of the utility-scale wind turbines ( 7 Re 1.0 10 D ) in wind farms. As a result, it may have a significant effect on the power generation performance of the wind turbine (i.e., the maximum power coefficient would be much lower for a small-scale model turbine operating at a lower Reynolds number). However, according to a comprehensive investigation conducted by Chamorro et al (2011) recently, they found that the fundamental flow statistics (e.g., normalized profiles of mean velocity, turbulence intensity, kinetic shear stress) showed asymptotic behavior with Reynolds number in the wake. Mean velocity in the wake illustrated to reach Reynolds number independence at a lower values compared to those of higher statistics (i.e., turbulence intensity and kinetic shear stress). Reynolds number independence for mean velocity could be reached at 5 , which is in the range of the required minimum Reynolds number as suggested by Chamorro et al (2011) to satisfy Reynolds dependence for wake flow characteristics. In addition, Whale et al (2000) observed similar wake statistics for a wide range or Reynolds number although the boundary layer over the blades and the shedding vorticity is known to be highly sensitive to Reynolds number. As suggested by Medici et al (2006) , the behaviors of the unsteady vortex and turbulent flow structures in the wake of wind turbines would be almost independent to the Reynolds number when the Reynolds number of the wind turbine is high enough. The wind turbines with similar tip-speed-ratio (TSR) would generate similar near wake characteristics such as helical shape, rotation direction and strength decay of the tip vortices. In the present experiments, the incoming wind velocity was kept as constant; the rotating speed of the rotors was varied by applying different electric loadings to the small electricity DC generator installed inside the turbine nacelle. 
Dynamic Load and Flow Field Measurements
For current study, the wind turbine rotor and nacelle were supported by an aluminum rod which was also used as a turbine tower. A high-sensitive force-moment sensor (JR3 load cell, model 30E12A-I40) was mounted under the wind tunnel floor and was used for holding the turbine tower, and measuring the dynamic wind loads (thrust forces and bending moments) acting on the wind turbine models. The JR3 load cell is capable of measuring the forces on three orthogonal axes and the moments about each axis. The precision of this load cell for force measurements is 0.25%  of full range (40N). During the experiments, the dynamic wind load data were acquired for 120 seconds at a sampling rate of 1,000 Hz for each testing case. Figure 4 illustrates the schematic of the experimental setup applied for PIV measurements, which was used to obtain detailed flow field measurement to quantify the turbulent flow structures in the near wake (X/D<2.5) of the test models. The airflow was seeded with ~1um oil droplets by using a fog generator (ROSCO 1900). Illumination was provided by a double-pulsed Nd:YAG laser (EverGreen 200) with a pulse energy of 200 mJ at the wavelength of 532nm. The laser beam was shaped to a sheet by a set of mirrors along with spherical and cylindrical lenses. The thickness of the laser sheet in the measurement region was about 1.5mm. A high resolution 14 bit CCD camera (PCO2000) was used for image acquisition with the axis of camera oriented perpendicular to the laser sheet. In the present study, because the image capture window size from one camera was not enough to cover the near wake region, two cameras with an overlapping region of 20mm length were used to capture the images to cover the whole interested flow field (~2.5D) simultaneously. The CCD camera and the double-pulsed Nd:YAG laser were connected to a host computer via digital delay generator (BNC565), which was controlled the timing of the laser illumination and image acquisition.
After image acquisition, the instantaneous PIV velocity vectors were calculated from the cross-correlation of 32 × 32 pixels interrogation windows. An effective overlap of 50% of the interrogation windows was employed in the . .
) were also calculated from the data after image processing. In the present study, a sequence of 930 frames of instantaneous PIV image pairs were acquired in order to achieve a good convergence of flow quantities of the PIV measurements, especially for highorder turbulence statistics such as TKE and Reynolds stress. The measurement uncertainty level for the first-order flow quantity such as velocity vector is estimated to be within 2%, while the uncertainties levels for ensembleaveraged high-order flow statistics such as TKE and Reynolds stress distributions are about 5%.
Both "free-run" and "phase-locked" PIV measurements were performed during the experiments. The "free-run" PIV measurements were conducted in order to determine the time-averaged flow quantities (e.g., mean velocity, T.K.E., Reynolds stress) in the near wake flow. For the "free-run" experiments, the image acquisition rate was selected at a fixed frequency which would avoid matching the harmonic frequency of the rotating blades in order to obtain as much blade phase positions as possible to ensure the ensemble-averaged flow statistics. The "phaselocked" PIV measurements were performed to elucidate more details about the evolution of unsteady wake American Institute of Aeronautics and Astronautics structures such as vortices related to the phase position of the rotating blades. For the "phase-locked" measurements, a digital tachometer (Monarch PLT 200) and an additional timing delay generator (Stanford DG535) were used to detect the phase position of a pre-marked rotor blade to achieve the "phase-locked" PIV measurements. By adding variant time delays between the input signal from the tachometer and the output TTL signal from the delay generator to trigger the PIV system, the "phase-locked" measurements at different rotor blade phase angles can be achieved. At each selected phase angle, 150 frames of image pairs were acquired to calculate the phase-averaged flow quantities (i.e., velocity and vorticity) distribution in the wake flow.
A Cobra probe Anemometry (TFI Series 100 of Turbulent Flow Instrumentation Pty Ltd) system was mounted on an accurate motorized traverse system, which was used to measure all three components of instantaneous and time-averaged flow velocity and at the locations of interest to supplement the PIV results, especially at far wake region (i.e., 4D, 6D, 8D and 12D). Other flow quantities such as the turbulence intensity, Reynolds stresses can also be derived based on the instantaneous measured data. At each selected measurement point, data were acquired for 60 seconds at a sampling rate of 1,000Hz.
III. Results and Discussions
Dynamic wind load measurement results
The JR3 load cell used in the present study can provide time-history measurements of all three force components and moments about each axis at a certain sampling rate. According to a similar research conducted by Hu et al (2012) , tip-speed-ratio (TSR) was adjusted by applying different electric loads to the small electricity generator installed inside the turbine nacelle. The thrust coefficient and the bending moment coefficient which as a function of TSR of the wind turbine model, are defined as 
where T is the thrust force acting on the wind turbine model, M is the bending moment,, ρ is the air density, U H is the air incoming velocity at hub height, R is the radius of the turbine rotor. It should be noted that these two wind turbine models were operating under the same incoming flow conditions and associated with the optimum TSR where the thrust coefficient would reach its peak value. Figure 5 shows the instantaneous and time-averaged thrust coefficient measurement results for the SRWT and TRWT respectively. It can be seen clearly that the aerodynamic loads acting on the wind turbine models (i.e., the SRWT and the TRWT) are highly fluctuated during the measurements. The time-averaged thrust coefficient was also plotted in the figure for comparison. It was found that both of the time-averaged thrust coefficient and standard deviation (i.e., σ) for the TRWT were higher than that of the SRWT. Under the same incoming flow condition, higher thrust coefficient (i.e., C T =0.401 for the TRWT versus C T =0.346 for the SRWT) was believed to be associated with a higher power output because of the higher lift force generated by the turbine blades. Similar results were also reported by Adaramola et al (2011) to investigate the effects of variant blade pitch angles and yaw angles for wind turbine power coefficient and thrust coefficient. The standard deviation of the dynamic wind loads was also suggested to be used as a quantitative parameter to evaluate the fatigue loads acting on wind turbines (Hu et al, 2012 ). The larger variation (i.e., σ=0.215 for the TRWT versus σ=0.123 for the SRWT) of the dynamic wind loads would indicate much more significant fatigue loads acting on the wind turbine, which is believed to be due to the appended small rotor mounted in front of the main rotor which would generate the wake and enhance the turbulence intensity levels in the inboard region. Table 1 illustrates the comparisons of measured thrust coefficients and bending moment coefficients for the SRWT and the TRWT models, all the coefficients (i.e. mean thrust and standard deviation of the thrust) in the TRWT model were found to be higher than those of the SRWT model, as expected. American Institute of Aeronautics and Astronautics Figure 6 shows the contours of ensemble-averaged normalized streamwise velocity in the near wake region for the SRWT and the TRWT models. As expected, the incoming flow was found to slow down greatly as it flows across the rotation disk of the turbine blades from figure 6(a) & (b). Significant velocity deficit was also observed in the region downstream of the wind turbine. It indicates that a part of kinetic energy of airflow associated with the velocity deficit was harvested by the wind turbine. Apparently, higher velocity deficit was found in the downstream region (X/D<2.0) of the TRWT due to the auxiliary rotor appended in front of the main rotor, which was believed to harvest more energy from the incoming airflow as well as decreasing the aerodynamic losses in the root region of the main rotor. As shown clearly in figure 6(b) , for the TRWT model, the relative low velocity region (i.e., window #1 window #2 window #1 window #2 American Institute of Aeronautics and Astronautics U/U H <0.7) in the near wake was found to be clearly enlarged. For both wind turbine models, an interesting phenomenon was found that the streamwise velocity in the region at the downstream location of X/D=0.8 to 1.2 at hub height was lower than other regions except the region just behind the tower. The iso-velocity contour lines in the upper wake region (i.e., Y/D>0.2) were found to be almost parallel to each other for U/U H >0.7 in the SRWT model and U/U H >0.6 in the TRWT model respectively. Similar flow feature results were also reported by Hu et al (2012) .
PIV measurement results
(a) SRWT_velocity distributions. (b) TRWT_velocity distributions Fig.7 Transverse velocity profiles at variant locations in the wake for SRWT (left) and TRWT (Right) Figure 7 illustrates the transverse streamwise velocity profiles extracted from the time-averaged PIV measurements at downstream locations of X/D=0.5, 1.0 and 2.0 respectively. It can be seen clearly that, because the small rotor existed, the streamwise velocity distributions were changed greatly in the downstream region of the small rotor rotation disk. As shown in figure 7(a), the streamwise velocity at these three measuring locations experienced a decreasing trend along the streamwise direction at the transverse location of Y/D=-0.1 to 0.2. However, this velocity distribution trend was just opposite at the transverse location of Y/D=-0.4 to -0.1. While in the region of Y/D>0.2, the velocity distributions at these three measuring locations only have very small changes, which means the wake expansion effect is mild for the SRWT. In contrast, figure 7(b) demonstrates a different velocity distribution trend in the wake of the TRWT. As shown clearly in the downstream wake of the small rotor rotation disk (i.e., Y/D=-0.3 to 0.3), the velocity deficit for the TRWT case was much higher than that of the SRWT case but it was also observed that the TRWT had much faster recovery of the streamwise velocity compared to the SRWT, which was believed to be due to the effect of enhanced downstream wake mixing induced by the auxiliary small rotor. Additionally, more obvious velocity distinction was observed in the region above the small rotor rotation disk (i.e., Y/D>0.3), a critical point where the velocity distribution trend found right at Y/D=0.3 shifted in opposite directions. window #2 window #1 window #2 American Institute of Aeronautics and Astronautics Figure 8 shows the normalized turbulent kinetic energy (T.K.E.) distributions in the wind turbine wake flow for the SRWT and the TRWT, which can provide the details to explain the velocity deficit distinction between these two test models. Except in the wake region just behind the tower, the high T.K.E levels also existed along with the shedding path of blade tip vortex structures. The high T.K.E levels behind the tower for the SRWT model extends longer than that of the TRWT. The difference between the SRWT and the TRWT was found to become more apparent at X/D>1.0. Higher T.K.E level existed in the region downstream of the TRWT, which may be explained that there is stronger wake mixing between the low velocity region and high velocity region, especially at the upper wake region (i.e., Y/D>0). Similar simulation results were also reported by Lu et al (2011) . The regions with high T.K.E levels are believed to be closely pertinent to the formation and shedding of unsteady wake vortices from such as blade tips, nacelle and tower, which would indicate much more intensive mixing in the wake region and correspond to a faster velocity recovery for the TRWT case.
(a) SRWT_Reynolds stress (b) TRWT_Reynolds stress Fig.9 Normalized Reynolds stress distributions for SRWT (left) and TRWT (Right) Figure 9 illustrates the normalized Reynolds stress distributions in the downstream wake for the SRWT and TRWT. The regions with high levels of Reynolds shear stress were found to concentrate in the shedding paths of the vortices. As suggested by Cal et al. (2010) , the high Reynolds stress in the wake of a wind turbine would play an important role in increasing the vertical transport of the kinetic energy in the wake of the wind turbine, which will draw down more high speed wind from above to the boundary layer flow, resulting in fast recovery of the velocity deficit in the wake of a wind turbine. With this suggestion, the TRWT is clearly a better configuration if there are other wind turbines installed in the downwind region because it could shorten the distance for velocity recovery between the wind turbine arrays.
(a) SRWT model (b). TRWT model Fig.10 Phase-locked vorticity distributions in the wake flows for SRWT and TRWT models window #1 window #2 window #1 window #2 American Institute of Aeronautics and Astronautics Figure 10 gives the "phase-locked" vorticity distributions in the wake flow for the SRWT and TRWT models. It should be noted that the increment of the phase angle was 15 degrees during the experiment but there are only four phase angles listed in the figure for conciseness. For the "phase-locked" PIV measurements, the tachometer provided the signal which was generated by the periodic pulse received from the reflective tap stuck on the blade to trigger the laser and camera systems, which assumed the blade position was "frozen" when the time delay was set up. The discrepancies between these two wind turbine models on the evolution of the unsteady wake vortex and turbulent structures in the wake flow can be seen clearly from the comparisons of the "phase-locked" vorticity distributions. As shown in the figures, the wake flow in the wind turbine downstream is a complex fully turbulent flow with various scales of unsteady vortex structures. Tip vortices and the unsteady vortex structures generated from the nacelle surface were found to shed downstream periodically. Additionally, Karman vortex streets periodically shedding from the turbine tower were found to be mixed with tip vortices downstream at lower rotational region (i.e., Y/D<-0.1) During the experiment, the blade position for the starting point (i.e., phase angle=0 deg) was selected when the pre-marked rotor blade was just within the vertical PIV measurement plane. A clear tip vortex was induced at the blade tip position of the pre-marked rotor blade at the starting point. It should be noted that when the phase angle increased, the pre-marked rotor blade would rotate out of the vertical measurement plane and the tip vortices could be observed shedding from the blade tip towards downstream. While the tip vortex moving downstream, it would align itself orderly with other tip vortices induced by the other two main rotor blades to form a moving tip vortex array in the wake. Apart from the vortices shed from the blade tips, it should also be noted that a series of extra concentrated vortices were found to be induced at the inboard position (approximately 60% span of the main rotor blades) of main rotor blades. Similar vortex structures were also observed by Whale et al (2000) and Hu et al (2012) in their experimental studies to examine the evolution of unsteady wake vortex structures for wind turbines. As shown in Figure 10 (a), the concentrated vortices (i.e., both tip vortices and the vortex structures at 60% span of the rotor blades) shed from the rotor blades aligned themselves nicely to form moving vortex arrays in the downstream wake. However, the vortex strength for tip vortices was found to be higher than that of the vortex structures at 60% span of the rotor blades and the concentrated tip vortices would survive longer because the vortex structures at 60% span of the rotor blades dissipated faster when they were moving downstream (the breakdown location at around X/D=0.9 for the SRWT and X/D=0.5 for the TRWT respectively). For the TRWT case shown in figure .10 (b) , the vortex strength for tip vortices almost kept at the same level compared to the SRWT, but it was found to be dissipated faster as they moved downstream than that in the SRWT case (i.e., the breakdown location for TRWT at around X/D=0.7 and X/D=0.9 for SRWT case). In addition, the strength of the concentrated vortex structures shed at 60% span of the rotor blades for TRWT was higher than the other one and also it was found that the vortex structures tilted downward when they propagated toward downstream in the TRWT case whereas these vortex structures tilted upward for the SRWT case. Eventually, these vortex structures mixed up with the tip vortices shed from the main blades. It was believed that the auxiliary small rotor would also generate tip vortices which can be merged into the vortex structures shed from 60% span of the main rotor blades, which could enhance the vortex strength and increase the wake mixing in that region (i.e., Y/D=0.2 to 0.4), and then could be beneficial for the velocity recovery in the downstream.
Power and streamwise velocity comparisons for the wind turbine in downstream
In order to examine if the TRWT model is really better for the velocity recovery in comparison to the SRWT model in the wind turbine downstream, a SRWT was set in the wake flow at variant locations for comparison between these two wind turbine models. The power output coefficient was selected for the comparison which was normalized based on the measured power output for an isolated SRWT. Figure 11 lists the locations where the SRWT was installed in the downstream wake of the SRWT and TRWT respectively for measuring the power output. In the present measurement, the upwind SRWT and TRWT models were running at the optimum operation conditions and the downwind SRWT was first measured at X/D=2, and then was moved downstream until X/D=12. It should be noted that according to the research conducted by Alfredsson et al (1982) , the Reynolds number would have significant effects on the power output coefficient. For example, the maximum power coefficient for the miniature wind turbine models operating at low Reynolds number would be much lower than that of the utility scale wind turbines. The power output calculated in the present study was used by the expression of 2 / L P V R  , where V is the voltage measured on the applied resistance; R L is the applied resistance in the circuit. The power coefficient was calculated by the expression of Figure 11 shows the measured power output for a SRWT sited in the downstream flow at variant locations. The power coefficient was normalized by the power output obtained from an isolated SRWT. As shown in figure 11(b), the normalized power coefficient would increase gradually as the distance between these two wind-turbine models became longer. For the X/D=2.0 case, due to the downstream SRWT was just sited in the near wake, the velocity deficit in this region would be quite high, so the power coefficient would drop dramatically compared with an isolated SRWT. As we can see clearly that, the normalized power coefficients of the downstream turbine sited in the wakes of the SRWT and TRWT models are only 0.42 and 0.3 at downstream location of X/D=2.0, respectively, which is because the velocity deficit in the near wake for the TRWT case is much higher than that of the SRWT. When the wind turbine model was moved to X/D>3.5, the power output in the wake flow of the TRWT was found to become higher than that for the case of the SRWT, which was believed the velocity recovery due to the stronger wake mixing for the TRWT case was faster than the SRWT model. Obvious normalized power coefficient difference can be found starting from X/D=4.0, and then this distinction reach the maximum at X/D=6.0 (~6% enhancement). When the installation location for the second turbine moved further (i.e., X/D=8.0 and X/D=12.0), the difference between them decreased gradually. This is because in the far wake, since the distance between them is long enough, the velocity distributions for both of the TRWT and SRWT cases have already recovered to a similar level.
In order to justify that the measured power coefficient listed above is reasonable, the streamwise velocity distributions at the locations where to install the SRWT should be obtained for persuasiveness, since the power output for a wind turbine is mainly relied on the incoming streamwise velocity. Figure 12 illustrates the streamwise velocity distributions measured by Cobra-probe at different locations. It should be noted that the Cobra-probe velocity measurement is a point-wise measurement method, the probe was mounted on a station which was driven by a motorized traverse system. As shown in figure 12 , the velocity distributions were measured from near wake (i.e., X/D=2.0) to far wake region (i.e., X/D=12.0). At X/D=2.0, corresponding to the power output results measured in figure 11 , the velocity deficit for the TRWT is much higher than that of the SRWT, especially in the central rotational disk region (i.e., Y/D=0.5 to 1.2). Apparently, this is because the auxiliary small rotor could also harvest partial wind energy additional to the main rotor, which caused the velocity deficit in the downstream wake to be higher than the SRWT case that only has one single rotor. When it was moved to the X/D=4.0, the velocity was recovered faster by the stronger wake mixing, the high velocity airflow above the rotational region was entrained down into the wake to enhance the streamwise velocity in the downstream for the TRWT case, which could generate more power as shown in figure 11(b) . At X/D=6.0, the location where there was the largest difference for power output, it was found the velocity distribution also demonstrated the similar trend as the measurement in power output. However, when the locations moved to X/D=8.0 and X/D=12.0, the streamwise velocity distribution in the wake of these two wind turbine models didn't have a significant distinction. Additionally, the wake, which can be seen clearly from the near wake (i.e., X/D=2.0) to the far wake region (i.e., X/D=12.0), was found to expand gradually from the marked boundaries in the figure. 
IV. Conclusion
A wind tunnel study was conducted to investigate the aeromechanic performance and the wake characteristics of an innovative twin-rotor wind turbine (TRWT) in comparing with those of a traditional single-rotor wind turbine (SRWT). The experimental study was was performed in a large-scale wind tunnel with scaled TRWT and SRWT models placed in an Atmospheric Boundary Layer (ABL) wind. In addition to measuring the dynamic wind loads acting on the wind turbine models, a high-resolution PIV system was used to perform both "free-run" and "phaselocked" measurements to quantify the flow characteristics and the evolution of the unsteady vortices in the turbine wakes.
The dynamic wind loads acting on the model wind turbines were found to fluctuate significantly. Under the same incoming flow conditions, both of the time-averaged values of wind loads and their standard deviations for the TRWT were found to be higher than those of the SRWT. The higher wind loads acting on the TRWT model were believed to be closely related to the higher wind energy harvest capability of TWRT from the same incoming ABL wind, in comparison to that of a conventional SRWT. The larger standard deviation values of the wind loads acting on the TRWT would indicate much more significant fatigue loads acting on the wind turbine model, which is believed to be due to the interference between the small secondary rotor and the main rotor, which would generate a more complex wake flow and enhance the turbulence intensity levels in the inboard region.
The ensemble-averaged PIV measurements show clearly that, higher velocity deficits were found in the near wake (X/D<2.0) of the TRWT due to the existence of the additional auxiliary rotor sited in front of the main rotor, which can decrease the aerodynamic losses in the root region of the main rotor and harvest more energy from the same incoming ABL wind. The velocity deficits in the far wake were found to recover much faster for the TRWT case, in compared with those of SRWT. Corresponding to the enhanced wake mixing induced by the small auxiliary rotor, the turbulence kinetic energy (T.K.E) and Reynolds stress levels were found to be much higher in the wake of TRWT, in compared with those of conventional SRWT. It suggests that the TRWT is a better option to shorten the distance needed to recover the velocity deficits in the turbine wakes.
The "phase-locked" PIV measurements depict clearly that, tip vortices, the unsteady vortex structures generated from the nacelle surface and Karman vortex streets generated from the turbine tower would shed periodically into the wake flow behind the SRWT and TRWT models. As they moved downstream, the tip vortex structures shed from the main rotor blades were found to align themselves nicely to form moving tip vortex arrays in the wake behind the wind turbine models. A series of extra concentrated vortices were found to be induced by the small auxiliary rotor at the inboard position of the main rotor blades for the TRWT case, which would enhance the turbulent mixing in the turbine wake flows to promote the recovery of the velocity deficits behind the TRWT.
The power outputs of a wind turbine model sited in the wake behind the TRWT at the different downstream locations were also compared quantitatively with those with the same turbine model sited in wake of an upstream SRWT at the same downstream locations. It was found that, corresponding to the much faster recovery of the velocity deficits in the far wake flow (X>3.5) behind the TRWT, the power outputs of the same downstream turbine model were found to be greater (up to 6% more at X/D=6.0) when sited in the wake of the TRWT than the SRWT case. It indicates that TRWT would not only can harvest more energy from the same incoming ABL wind, but also can reduce the wake loss by promoted a faster recovery of the velocity deficits behind the TRWT model.
